Introduction
The NADPH-diaphorase histochemical reaction involves the transfer of hydrogen from the substrate, NADPH, to a hydrogen acceptor, a tetrazolium salt, which is converted into the insoluble blue formazan (7,8). NADPH-diaphorase histochemistry stains a subpopulation of neurons in the central and enteric nervous systems (1,2,5,9,10,14,16-28). Evidence indicates that NADPH-diaphorase so closely resembles nitric oxide synthase that they may be identical (6,27,28). Nitric oxide is now considered to be a neurotransmitter or neuromediator (4,12,13,23). NADPH-diaphorase histochemistry has become the most widely used method to study the distribution of structures containing nitric oxide synthase in the nervous system (1,2,5,9,10,14,16-28).
The diaphorase is a durable enzyme, activity being well preserved after 48 hr of buffered formaldehyde fixation (8,9,21). The durability of NADPH-diaphorase allows the combination of its histochemistry with immunohistochemistry. The NADPH-diaphorase reaction can be performed after the immunostaining (3,21) or the reverse tissues, this color change occurred much more quickly. Spectral analysis showed that Triton X-100 inaeases the rate of NBF formation in the presence of tissue supernatant. Triton X-100 increases it less in the absence of tissue supernatant. Therefore, Triton X-100 improves the histochemical staining, probably by catalyzing the activity of NADPH-diaphorase, by keeping the extracellular NBF in solution and thus suppressing the staining of non-neural structures, and by increasing the permeability of cell membranes. ( J Triton X-100, a non-ionic detergent, is used to improve i"unostaining because it dissolves phospholipids in cell membranes to increase permeability to antibodies (10,22,24,25,27,28). For the same reason, Triton X-100 has been used in NADPH-diaphorase histochemistry as well (5,9,10,14,19,20). NADPH-diaphorase histochemistry results in detailed staining of certain neurons in the cenual nervous system (7,17,18), but it does not produce such clear images in the enteric nervous system without the use of Triton X-100 (21). The use of Triton X-100 greatly improves the NADPH-diaphorase histochemical staining in the enteric nervous system (5, 14) .
Biochemical studies have shown that the NADPH-diaphorase activity is always higher when Triton X-100 is present (11), which implies an effect of Triton X-100 on NADPH-diaphorase activity or on substrate-enzyme access. To assess the roles of Triton X-100 in NADPH-diaphorase histochemistry, we investigated the effects of Triton X-100 on NADPH-diaphorase histochemical staining under different conditions and used biochemical assays to examine its effect on the amount of nitroblue diformazan (NBF) production.
Materials and Methods

Histochemistry
Tissue Preparation. Mature opossums of either sex were anesthetized with ketamine (60 mg/kg) followed by pentobarbital sodium (60 mglkg). W G , CHRISTENSEN, CONKLIN, m y , CLARK 1520 C , r. - Figure 1 . Effects of Triton X-lo0 on NADPH-diaphorase histochemical staining. (A,C,E) Representative areas taken from three consecutive tangential sections (15 wm) stained under three different conditions. A and E were pretreated with PB and C was pretreated with 1% Triton X-lo0 for 30 min. Then the sections shown in A and C were stained using a normal incubation medium for 25 min. The section shown in E was stained with 1% Triton X-100 incorporated into the incubation medium for25 min. The best staining of nerve fibers (arrows) was found in E, with improved staining in C and fewer stained nerve fibers The smooth-muscled part of the esophagus and parts of small intestine and colon were removed, washed with Krebs' solution equilibrated with 95% 0 2 -5 % CO2 at 37°C. pinned flat to a sheet of rubber, and put into a freshly made solution of 4% paraformaldehyde in phosphate buffer (PB) at 4'C. Other parts of the smooth-muscled esophagus, small intestine, and colon were fixed in the form of a tube. After fixation for 1 hr. samples were washed with PB at 4'C for 1 hr (one change) and stored in 15% sucrose in PB at 4°C overnight. Flat samples were cut into 5-20-pn serial tangential sections and tubular preparations were cut into transverse sections on a cryostat.
Normal Incubation Medium for NADPH-diaphorase Histochemistry. The normal incubation medium contained 1 mglml P-NADPH and 0.5 mg/ml nitroblue tetrazolium (NBT) (both from Sigma; St Louis, MO) in PB at pH 7.3. Application of Triton X-100. Adjacent sections of the same thickness were used to investigate the effects of Triton X-100 on NADPH-diaphorase. A 20% stock solution of Triton X-100 (Fisher Scientific; Fair Lawn, NJ) in 0.1 M PB was used to make solutions of different concentrations of Triton x-100.
Pre-treatment. Solutions of 0.3.0.5, 1, and 3% Triton X-100 were applied to cryostat sections at room temperature (RT) for 10 min to 1 hr before staining for NADPH-diaphorase. Pre-treated sections were then stained at RT for 10 min to 2 hr. As a control, 0.1 M PB was used as the pre-treaanent solution instead of Triton X-100.
Use of a Triton X-100-containing Incubation Medium. An incubation medium itself containing 0.3, 0.5, 1. 2, and 3% Triton X-100 was used to react for NADPH-diaphorase at RT. Positive stained structures were found from 10 min to 2 hr. The control was NADPH-diaphorase histochemical staining without Triton X-100. The addition of Triton X-100 should be the last step when the incubation medium is made because Triton X-100 makes NBT hard to dissolve.
Post-treatment. After staining by the normal incubation medium (without Triton X-loo), the sections were put into 3% Triton X-100 in 0.1 M PB (pH 7.3) overnight at 4'C.
Effect of %ton X-100 on Nerve Cell NADPH-diaphorase Activity. Since the NADPH-diaphorase activity is very high, we pre-treated the sections with 0.1 M PB or 0.1 M PB containing 1% Triton X-100 for 30 hr at RT to decrease enzyme activity. The sections were then stained in normal incubation medium or incubation medium containing 1% Triton X-100.
Biochemicai Assays
Spectral Analysis. Fresh smooth muscle layers of esophagus were dissected and then homogenized with a motor-driven Tenbroeck tissue grinder in ice-cold 0.1 M PB (pH 7.3) at 1 g/9 ml. The homogenate was centrifuged at 100,000 x g at 6'C for 60 min. The supernatant was used for analysis.
Spectral analysis for NBT reduction was done from 440 to 900 mm with the following solutions: (a) NBT/NADPH (b) NBT/NADPH/Triton X-100; (c) nitroblue diformazan (NBF) in 4% Triton X-100 diluted to 1% Triton X-100 (see below); (d) NBT/NADPH/supernacant; and (e) NBTINADPHI Triton X-lOO/supernatant. All samples were in 0.1 M PB (pH 7.3). The final concentration of NBT was 0.5 mg/ml, of NADPH was 1.0 mg/ml, and of Triton X-100 was 1% (v/v) in supernatant equivalent to 55.5 mg tissue (wet wt) per ml. pH was tested before and after the addition of Triton X-100. Absorbance of all the above solutions was read on a Beckman DU-20 spectrophotometer after 1-hr incubation at RT.
Since commercial NBF (Sigma 11-6276) is d&cult to dissolve in an aqueous solution, 0.1 ml of a saturated solution in &chloromethane was m p orated at RT under a stream of Nz in a rotating test mbe. To the resulting thin film of NBF we added 1.0 ml of Triton X-100 (4%). This was vortexed and allowed to stand overnight. After centrifuging at 1000 x g to remove undissolved NBF, ao aliquot was diluted to contain 1% ?titon X-100, which was then spectrally analyzed.
Colorimetric Analysis of NBF. As previously reported. the enzymatically reduced NBT formazan can be dissolved in the presence of Triton X-100 to form a colored solution and the color development occurs in a timeand concentration-dependent fashion (11.15). Therefore, the increases in absorbance at 535 nm were monitored in three different incubates: (a) NBTINADPHITriton X-100; (b) NBT/NADPH/Triton X-lOO/supernatant; and (c) NBT/NADPH/supcmatant. The concentrations of NBT, NADPH, and Triton X-100 were the same as above. The amount of supernatant was 50% of the a h amount. The incubation was done at RT. Wore the absorbance was read, Triton X-100 was added to 1 ml of samples taken from Incubate c and the same amount of PB was added to Incubates a and b to ensure the same dilution and Tiiton X-100 concentration in the three incubates.
Results
Staining Without Triton X-100
The NADPH-diaphorase histochemical reaction without Triton X-100 stained most structures in the esophagus, small intestine, and colon. Two populations of stained neurons, intensely stained and lightly stained cells, were found in the myenteric ( Figure 1B ) and submucosal plexuses. Nerve fibers stained poorly to moderately well ( Figure 1A ). Vascular smooth muscle cells, esophageal and intestinal epithelium, esophageal and intestinal gland cells, and interstitial cells of Cajal in esophagus were moderately well stained. Fibroblasts, mast cells, and smooth muscle cells were faintly stained. Extension of the incubation time increased staining of all stained structures, which obscured nerve fibers.
Staining after Pre-treatment with Triton X-100
With the same incubation time, pre-treatment of the sections with Triton X-100 enhanced staining of neurons and nerve fibers (Figure lC) , but there was no improvement in the staining of neurons in thin sections ( Figure 1D ). Staining of non-neuronal structures and most lightly stained neurons was greatly diminished or abolished ( Figure IC) . Longer pre-treatment times and higher concentrations of Triton X-100 nearly abolished staining of non-neural suuctures and lightly stained nerve cells and decreased the number of stained nerve fibers and the staining of intensely stained nerve cells ( Figure 1D ). Sections pre-treated with 0.54% Triton X-100 for 30-60 min at RT showed much improved staining of nerve fibers. The time for an optimal stain, 30-90 min, varied with the thickness of sections. After completion of the stain, the incubation medium had not changed in color.
Staining with Triton X-100 in the Incubation Medillm
After the addition of Triton X-100 to the normal incubation medium, its color changed from yellow to blue/purple in 10-30 min, varying with the concentration of Triton X-100 used, and the color then gradually intensified. In the presence of tissue, the color change took place much more quickly. When we separately put 
0.3-3%
Triton X-100 in a 0.5 mglml solution of NBT and in a 1 mglml solution of NADPH, the color of the solutions did not change.
With the NADPH-diaphorase incubation medium containing 0.53% Triton X-100, the staining of nerves was greatly enhanced and was better than that in pre-treated sections ( Figures 1E and  lF) , but the staining of non-neural structures varied with the different concentrations of Triton X-100. The use of higher concentrations (1-3%) of Triton X-100 resulted in weaker or no staining of non-neural structures, with excellent staining of nerves.
Staining After Post-treatment witb Triton X-100
Sections were stained first for NADPH-diaphorase using the normal incubation medium and then they were put in 3% Triton X-100 in PB overnight. The staining of neurons, nerve fibers, and interstitial cells of Cajal of the circular muscle layer was improved, with decreased staining of the smooth muscle.
Spectral analysis of different reaction solutions revealed the same maximal absorbance at a wavelength of 535 nm as commercial NBF in 1% Triton X-100 solution (Figure 2) , which indicates that the NBF was generated in all reaction mixtures except for NBT/NADPH solution without Triton X-100. One percent Triton X-100 in the reaction mixture was able to dissolve the enzymatically produced formazan. After incubation for 1 hr, the mixture NBTINADPHlsupernatantlTriton X-100 produced a clear, dark-blue NBF solution. The mixture NBT/NADPH/supematant formed a fine dark precipitate without a color change in the solution. After this mixture was centrifuged, the supernatant was discarded and re-suspended with 1% Triton X-100. The complete dissolution took about 10 min and finally formed a dark-blue solution. These two supernatant-containing mixtures generated about the same amount of NBF, which implies saturation of the reduction of NBT after 1-hr incubation in the two solutions. Since spectral analysis of the different solutions including commercial NBF but not the solution with only NBT/NADPH in phosphate buffer showed similar absorbance profiles and similar absorbance maxima at about 535 nm (Figure 2 ) , this supported the assumption that the color change reflected NBF formation. We investigated the reduction of NBT with time. We used half the previous amount of supernatant used above without a change in NBT, NADPH, and Triton X-100 concentrations. We examined the formation of NBF during 1 hr (Figure 3) . From Figure 3 it can be seen that Triton X-100 non-enzymatically catalyzes the reduction of NBT by NADPH. The rate of NBF formation is greatest with both tissue supernatant and Triton X-100. The rate of NBT reduction by supernatant with Triton X-100 is much greater than the sum of the rates of reduction catalyzed by supernatant alone and by Triton X-100 alone, respectively. After 30 min of incubation, NBF formed by the supernatant with Triton X-100 was 150% of that formed by the supernatant without Triton X-100. After 1 hr it was still greater, with 115% of the NBF formed by supernatant without Triton X-100. The pH of all mixtures used did not change after the addition of Triton X-100.
Discussion
The use of Triton X-100 in NADPH-diaphorase histochemistry has been based on its function as a detergent. This study assessed its roles in NADPH-diaphorase histochemistry by observing its effect on staining and by using spectral analysis to estimate the amount of enzymatically produced formazan under the effects of Triton x-100. The color changes in the solutions NADPHINBTITriton X-100 and NADPH/NBT/Triton X-lOO/sections (staining) were due to the dissolution of formazan in Triton X-100, confirmed by spectral analysis. The absorbance maxima in the solutions NADPHINBTITriton X-100 and NADPH/NBT/Triton X-lOo/crude enzymes (tissue homogenate) were the same as with commercially obtained for-mazan dissolved in Triton X-100. The reported absorbance maxima of formazan varied from 525 nm to 540 nm (11,15), similar to our result, 535 nm. There was no color development in the solutions NADPHINBT, NADPHITriton X-100, NBTITriton X-100. The color development in NADPHINBTITriton X-100 occurred in a time-dependent fashion. These results indicate that Triton X-100 non-enzymatically catalyzes the reduction of NBT by NADPH.
The dissolution of formazan in Triton X-100 made possible the colorimetric assay measuring the increase in absorbance resulting from the enzymatic reduction of tetrazoles to insoluble formazan (11,15). We used a high concentration (1%) of Triton X-100 because it dissolved formazan more effectively. Since the highest NADPHdiaphorase activity lies in the myenteric plexus and in nerve fibers in the muscle layers, we believe that the substance in the supernatant reducing NBT corresponds to NADPH-diaphorase activity. It has been reported that there is no cross reaction between NADHdiaphorase and NADPH-diaphorase (7,ll). The increasing formation of formazan is not due to the better solubilization of substrates, because Triton X-100 actually makes NBT hard to dissolve in the incubation medium. Therefore, Triton X-100 increases the formation of formazan by both stimulating NADPH-diaphorase activity and non-enzymatically catalyzing the reduction of NBT. Under the present assay conditions, Triton X-100 increased the NADPHdiaphorase activity by 150% in 30 min and by 110% in 60 min. Using twice the amount of supernatant, the amounts of formazan were almost the same in the solutions NADPHINBTlsupernatant and NADPHINBTIsupernatantlTriton X-100 after 60-min incubation. This result was probably due to the saturation of the reaction reached in the two solutions. In a reported biochemical assay of NADPH-diaphorase, it was found that activity is higher in soluble supernatants prepared from brain tissue homogenized with Triton X-100 than in those prepared without Triton X-100. The authors proposed that some diaphorase is membrane-bound and is released during homogenization when Triton X-100 is present (1 1). When microsomes were solubilized with 0.1% Triton X-100 followed by assay of enzyme activity at various concentrations of the detergent, maximal activity was apparent at about 0.1-0.2%. Enzyme activity was less when the concentration of Triton X-100 was higher or lower than 0.1-0.2% (11). This fact is also hard to reconcile solely with a detergent function of Triton X-100, because Triton X-100 still affected the enzyme activity after microsomes were solubilized with Triton X-100.
Histochemically, Triton X-100 intensified the staining of neurons and nerve fibers and diminished or abolished the staining of non-neural structures. The enhancement of neural element staining by Triton X-100 probably is through both increased NADPHdiaphorase activity and increased permeability to the substrate. An increase in the NADPH-diaphorase activity appears to be more important than enhancement of the access of the substrates to the enzyme. In the sections ( Figures 1D and 1F) pre-treated by 1% Triton X-100 for 30 hr, the staining of neurons was much stronger when Triton X-100 was also contained in the incubation medium ( Figure  1F ) than when it was not also put into the incubation medium (Figure ID) . The decrease in staining of non-neural structures is probably brought about both through dissolution of cell membrane phospholipids to prevent the binding of non-enzymatically produced formazan with the cell membrane and dissolution of extracellular formazan. Why does Triton X-100 not dissolve the formazan in nerves? Probably the formation of NBF is much greater than the rate of dissolution. It cannot be excluded that Triton X-100 also inhibits some enzyme in the non-neural structures that catalyzes the reduction of NBT by NADPH. Long pre-treatment with Triton X-100 resulted in a decrease in the staining of neurons, which was probably attributed to the loss of enzyme from the sections. Therefore, Triton X-100 non-enzymatically catalyzes the reduction of NBT by NADPH to form formazan. Triton X-100 is also an activator of NADPH-diaphorase. Triton X-100 decreases the binding of formazan to cell membranes and dissolves the extracellular formazan. Triton X-100 also increases the permeability of cell membranes. These effects together can account for the improvement in the histochemical staining produced by Triton X-100.
